Programmed cell death (PCD) plays a central role in the sculpting and maturation of developing epithelia. In adult tissue, PCD plays a further role in the prevention of malignancy though removal of damaged cells. Here, we report that mutations in klumpfuss result in an excess of support cells during maturation of the developing Drosophila pupal retina. These ectopic cells are the result of a partial and specific failure of apoptotic death during normal cell fate selection. klumpfuss is required and differentially expressed in the cells that choose the life or death cell fate. We also provide genetic and biochemical evidence that klumpfuss regulates this process through down-regulation of the Epidermal Growth Factor Receptor/dRas1 signaling pathway. Based on its sequence Klumpfuss is an EGR-class nuclear factor, and our results suggest a mechanism by which mutations in EGR-class factors such as Wilms' Tumor Suppressor-1 may result in oncogenic events such as pediatric kidney tumors. q
Introduction
Programmed cell death (PCD) is a common mechanism for removing unnecessary cells during the development of most epithelia. For example, PCD provides an important patterning function during the removal of interdigital cells from the developing limb, the shaping of the vertebrate nervous system, body segmentation, etc. (Christ et al., 2000; Jacobson et al., 1997; Mori, 1995; Vaux and Korsmeyer, 1999; Weil et al., 1997) . Developmentally-regulated cell death is typically accomplished by the process of apoptosis, which results in a stereotyped sequence of cellular events that leads to engulfment and removal of the cell (Wyllie et al., 1980) . Disruption of normal apoptotic cell death can lead to developmental abnormalities while an increase in cell death can lead to a broad palate of human diseases, including a number of neurodegenerative and immunological conditions, and exacerbation of ischemic injuries (Thompson, 1995) . Failure of proper apoptotic cell death is considered a central aspect of oncogenic growth (Evan and Vousden, 2001; Green and Evan, 2002; Hanahan and Weinberg, 2000; Reed, 2003) .
The Drosophila retina has proven especially useful for examining the mechanisms that regulate cell death during development. The retina is composed of approximately 750 identical unit eyes, or 'ommatidia'. Each ommatidium is composed of precisely fourteen cells that form from recruitment of successive cell types (Fig. 1) . In the larva, eight photoreceptor neurons and four non-neuronal cone cells (c) emerge; addition of two primary pigment cells (18s) in the young pupa completes the 'ommatidial core'. The final phase involves recruitment and re-organization of the remaining cells into an interweaving hexagonal lattice of secondary and tertiary pigment cells (28/38s) that come to lie between ommatidia to form the 'interommatidial lattice'; each ommatidial core is eventually surrounded by precisely nine 28/38s. This process requires two steps. The first step involves a rearrangement of 28/38 precursors to lie single file around the ommatidial cores ( Fig. 1D ; Reiter et al., 1996) . The second step involves selective removal of approximately one-third of the 28/38s by PCD to create the interweaving hexagonal lattice (Fig. 1E) . Thus, emergence of this lattice represents a balance between recruitment of 28/38s and elimination of unneeded interommatidial cells through selective PCD (Cagan and Ready, 1989; Wolff and Ready, 1991) . These two steps occur between 20 and 32 h after puparium formation (APF) at 25 8C, with maximal PCD between 28 -30 h APF.
The Drosophila epidermal growth factor receptor (dEGFR/Torpedo/DER) provides an important signal between cells to regulate cell death in the eye. Activation of dEGFR-most likely through signals from the cone cells and 18s-leads to a block in cell death within the interommatidial lattice Sawamoto et al., 1998) due to inactivation and transcriptional repression of the death effector hid (Bergmann et al., 1998; Kurada and White, 1998; Yu et al., 2002) . While ability of dEGFR to repress PCD in the retina is clear, nothing is known of the mechanisms that segregate this activity specifically to surviving cells.
The Drosophila klumpfuss locus encodes a nuclear factor that-based on its sequence-is a member of the EGR family of transcription factors. Klumpfuss is the only Drosophila EGR-like factor with four C2H2 zinc fingers (Klein and Campos-Ortega, 1997; Yang et al., 1997) , a structure most similar to mammalian Wilm's Tumor Suppressor-1 (WT-1). Klumpfuss and WT-1 are 44% identical in their zinc finger domains; the functional significance of this structural similarity is not clear and the proteins show no similarity outside this region. The klumpfuss locus was originally identified based on its role in cell fate decisions within a number of tissues including the embryonic and adult nervous systems and the developing leg (Klein and Campos-Ortega, 1997; Yang et al., 1997) . We identified klumpfuss in a genetic screen for new regulators of programmed cell death in the developing eye (Tanenbaum et al., 2000) . In this paper we demonstrate that klumpfuss is both required and sufficient for PCD in the pupal retina and it is differentially expressed in cells that make life or death cell fate decisions. We also present evidence that a major function of klumpfuss in PCD is the regulation of dEGFR/ dRas1-mediated survival.
Results

Klumpfuss promotes PCD
Mutations that reduce activity of the irreC-rst locus lead to a loss of normal programmed cell death in the pupal retina, resulting in a mildly disturbed, 'rough' eye ( Fig. 1A,B ; Reiter et al., 1996; Wolff and Ready, 1991) . We recently completed a screen to identify genetic modifiers of the irreC-rst locus (Tanenbaum et al., 2000) ; our subsequent mapping led to identification of klumpfuss as a dominant genetic suppressor. Although mutations in klumpfuss are fully recessive on its own, loss of one functional copy of klumpfuss led to a suppression of the irreC-rst 3 rough eye phenotype (Fig. 1C) . This genetic interaction was observed for the alleles klumpfuss 212IR51C , klumpfuss P21251A , and klumpfuss P10052 . These results suggested that the klumpfuss locus itself might be involved in retinal PCD. Differentiation in klumpfuss eyes occurs normally prior to the stage of cell death: assembly of the ommatidial cores is unaffected, the number of lattice cells is normal, and they undergo cell rearrangements around the ommatidia in a normal manner (Fig. 1F and data not shown) . However, in the pupal eye, hypomorphic, viable mutations in klumpfuss result in a partial loss of cell death within the interommatidial lattice (Fig. 1F ). On average, 1.3 additional cells are observed per ommatidial unit (see Section 4), which represents at least one-third of the cells that are normally removed. This number did not change significantly when an amorphic allele of klumpfuss was examined in trans to a deficiency for the region, indicating that this partial block in PCD represents the true loss-of-function phenotype (not shown). The remaining 28/38 pigment cells are positioned properly within the interommatidial lattice following PCD and 28/38-specific markers (e.g. E(spl)) are expressed normally, indicating that most steps of differentiation are normal (data not shown). Together, these results indicate that klumpfuss is required for the final steps that lead to cell death within the interommatidial lattice.
To further explore the link between klumpfuss and the process of cell death, we examined its genetic interactions with genes known to act in the apoptotic pathway. Overexpression of each of the 'H99 group' of cell death genes (grim, reaper, and hid) under the control of an eye-specific promotor (GMR-grim, GMR-rpr, and GMR-hid) leads to a very small and rough adult eye due to ectopic PCD during eye development ( Fig. 2A -C ; Chen et al., 1996; Grether et al., 1995; White et al., 1996) . By contrast, removal of one copy of klumpfuss strongly suppressed GMR-hid: the adult eye was dramatically increased in size and the pattern of ommatidia was nearly wild-type (Fig. 2D ).
The hid locus appears to play the primary role of the H99 group in retinal cell death (Yu et al., 2002) . Our data suggest that klumpfuss is required for this hid-mediated PCD. By contrast, removal of a single copy of klumpfuss resulted in only a mild-though consistent-suppression of the rough eye phenotypes of GMR-rpr and GMR-grim ( Fig. 2E,F) . Fig. 2 . klumpfuss has strong genetic interactions with GMR-hid. GMR-hid (A), GMR-rpr (B), and GMR-grim (C) all produce small, rough eyes due to excessive cell killing. Removal of one copy of klumpfuss mildly suppresses the eye phenotype of GMR-rpr or GMR-grim (compare E-B and F-C). However, removal of one copy of klumpfuss in a GMR-hid background results in strong suppression, producing a significantly larger eye with almost wild-type patterning (compare E-F).
The role of klumpfuss in promoting death was further supported by over-expression studies. The GMR promoter expresses in most cells within the developing retina, commencing during early photoreceptor neuron recruitment (Moses and Rubin, 1991) . Flies that expressed ectopic klumpfuss (GMR-GAL4; UAS-klumpfuss) exhibited a dramatically reduced eye that contains large black patches indicative of cell death (Fig. 3B ). These adult eyes also have no distinct lens and severe disruptions in bristle development. In 42 h APF retinae, specific cell types are virtually unidentifiable by morphology ( Fig. 3D ) and there is a very high level of ectopic cell death as assayed by TUNEL (Fig. 3C) , accounting for the reduced eye phenotype. In wild-type retinae PCD has ceased by 32 h APF.
To more precisely define the ability of klumpfuss to promote cell death, we utilized hs-klumpfuss flies, permitting us to use heat shock induction to target klumpfuss to the stage of PCD. When klumpfuss was ectopically expressed in a burst at 23, 24, 25, or 26 h APF there was an excess of PCD in the interommatidial cells, visualized as a reduction in the number of cells surrounding each ommatidial core (Fig. 3E ). Of note is that only the interommatidial cells, the cells that normally have the potential for PCD at this time during development, were killed when klumpfuss was expressed at this stage, even though klumpfuss was expressed in all cells of the retina (arrows in Fig. 3E ). This provides additional evidence that the role of klumpfuss in the eye is to promote cell death specifically in interommatidial cells and further suggests that it acts at the final stages of their fate selection and programmed cell death.
klumpfuss expression and requirement
We determined the expression pattern of klumpfuss in the pupal retina by in situ hybridization (see also Section 4). Expression of klumpfuss is low in photoreceptor neurons and is not detected in cone cells or cells of the bristle group during these stages (data not shown, Fig. 4 , see also Section 4). High levels of klumpfuss expression are retained Fig. 3 . Over-expression of Klumpfuss drives PCD. Scanning electron micrograph of a wild-type eye (A) shows the highly patterned array of ommatidia. Expression of Klumpfuss throughout eye development (GMRGal4;UAS-klu) causes a smaller and severely disrupted eye compared to wild-type (compare B -A). Massive cell death occurs in GMRGal4;UAS-klumpfuss retinae throughout pupal development. (C) shows a 42 h APF GMRGal4;UAS-klumpfuss retina showing TUNEL positive nuclei. PCD does not occur in wild-type retinae after 33 h APF. At 42 h APF, GMRGal4;UAS-klumpfuss retina show an almost complete loss of cell differentiation with the exception of bristle groups (D). Over-expression of Klumpfuss under a heat-shock promotor (hs-klumpfuss) at 24 h APF drives PCD, killing cells in the interommatidial lattice (E). Arrows in E mark where lattice cells are missing at 42 h APF. Anti-Armadillo (white) is used to visualize cell membranes. in 18s at all pupal stages examined. Prior to the onset of PCD (20 -22 h APF), klumpfuss transcript is uniform in all cells of the interommatidial lattice (not shown and Fig. 4A ). Throughout the period of PCD (24 -32 h APF), however, this expression becomes more dynamic: during the early stages of interommatidial PCD (24 -28 h APF), adjoining 28/38 precursors began to show differing levels of mRNA; this difference is even more dramatic at stages of maximal PCD (28 -30 h). Interestingly, during the time of maximal PCD, when an interommatidial cell with high levels of klumpfuss expression is next to an interommatidial cell with little or very low klumpfuss expression one of these two cells will undergo PCD (see arrows in 4B for examples of this). To our knowledge, klumpfuss represents the first marker that distinguishes individual 28/38 precursors from one another. As cells left the developmental period of PCD, klumpfuss was no longer detectable in 28/38s, although levels remained high in 18s. klumpfuss expression is absent in the interommatidial lattice at 42 h APF when death has been completed for many hours (Fig. 4C) .
Its broad and dynamic expression pattern indicated klumpfuss could either act within the ommatidial cores to mediate signals directed to the interommatidial lattice, or within the lattice itself. For example, klumpfuss is expressed at high levels in 18s, which play a central role in organizing the interommatidial lattice and regulating its selective cell death . Using FRT-mediated mitotic recombination (Golic and Lindquist, 1989) , we created clonal patches of retinal cells that were genotypically klumpfuss within a background of cells that contain at least one normal copy of the gene. Ectopic 28/38 cells were observed only if cells within the interommatidial lattice itself were mutant, regardless of the genotype of the adjacent 18s or photoreceptor neurons (Fig. 4D) . Combined with its mutant phenotype and over-expression data indicating that klumpfuss can trigger cell death, our clonal analysis indicates that klumpfuss acts within the interommatidial lattice cells to promote PCD and, more precisely, acts in cells that undergo PCD. However, we can not rule out the possibility that klumpfuss normally directs killing of a neighboring cell; related to this point, although we expect that cells that express higher levels of klumpfuss are more likely to die, we are currently unable to follow these cells through time to further explore this point. To date, we have not detected any function for klumpfuss within the 18s or photoreceptor neurons.
A link between klumpfuss and the dEGFR/dRas1 pathway
Regulators of dEGFR and its target, the dRas1 pathway, were isolated as modifiers in the irreC-rst modifier screen that led us to klumpfuss (Tanenbaum et al., 2000) . This is consistent with previous work that demonstrated a role for dEGFR in inhibiting PCD in the eye . We examined whether klumpfuss may be involved in regulating PCD through interactions with the EGFR/dRas1 pathway. dEGFR ELP is a hypermorphic form of dEGFR (Baker and Rubin, 1989; Lesokhin et al., 1999 ) that, conversely, acts genetically as a loss-of-function allele with respect to genetic interactions due to extremely high expression of the dEGFR inhibitor argos (Spencer et al., 1998) . The result is a moderately rough eye in dEGFR ELP heterozygous adults (Fig. 5A) . Removal of a single functional copy of klumpfuss dominantly suppressed the dEGFR ELP phenotype (Fig. 5B ). This suggests that in a klumpfuss heterozygote, the high level of EGFR activity is attenuated to cause reduced expression of argos during earlier stages of eye development. Similarly, heterozygous klumpfuss mutations suppress the rough eye of dRas1 V12 under the control the early eye promotor sevenless, sev-dRas1 V12 (data not shown). To further analyze the function of klumpfuss in regulating the dEGFR pathway during PCD, we looked at targeted over-expression of the pathway. Broad expression of an activated form of the downstream effector dRas1 (hs-dRas1 V12 ) at 24 h APF leads to a loss of PCD ; we observed an average of 18.5^0.3 cells per ommatidial unit (Fig. 5C,E) compared to 12 cells per ommatidial unit in wild-type (see Fig. 1,5E ). Removal of one copy of klumpfuss enhanced this extra cell phenotype, leading to 1.8 additional cells (20.03^0.2 total) per ommatidial unit (Fig. 5D,E) , a number close to the original complement of interommatidial cells before PCD.
Hid is the primary cell death effector in the eye and is directly downstream of the EGFR/dRas1 pathway at two levels: activation of the dEGFR/dRas1 pathway leads to the phosphorylation and inactivation of Hid as well as transcriptional repression by activated dMapK Rolled (Bergmann et al., 1998; Kurada and White, 1998) . These data and others have lead to the use of hid as a functional readout for dEGFR pathway activity (see also Bergmann et al., 2002) . Removal of one active copy of klumpfuss led to a strong, dominant suppression of GMR-hid eyes; GMR-grim and GMR-rpr phenotypes were only mildly suppressed (see Fig. 2 ).
Finally, we linked klumpfuss activity to dEGFR at the level of signaling. The ERK kinase dMAPK Rolled is a downstream target of dEGFR/dRas1 activity, and antibodies that detect its phosphorylation (diphosphorylated dMAPK or dpERK) provide a further assessment of pathway activation (Gabay et al., 1997) . Homozygous klumpfuss mutant retinae showed a consistent increase,1.5 -2 fold, in levels of dpERK at 24 h APF; levels of dMAPK Rolled (ERK) protein itself were unchanged (Fig. 6B) . Conversely, over-expression of klumpfuss under the control of either a heat shock (hs-klumpfuss) promotor led to a 1.8 -2.5 fold reduction of detectable dMAPK Rolled activity (dpERK; Fig. 6C ). Similar results were seen with klumpfuss under the control of a GMR promotor, GMR-Gal4; UAS-klumpfuss (data not shown). We analyzed another readout of dEGFR/dRas1 activity, expression of the inhibitory dEGFR ligand Argos and observed identical results (Fig. 6D) . Together, our data supports the view that klumpfuss is a negative regulator of dEGFR/dRas1 V12 pathway activity. The link between klumpfuss and dEGFR/dRas1 signaling is intriguing in light of data demonstrating that mammalian WT-1 can regulate the dEGFR pathway directly through its targeting of EGFR and also the EGFR ligand amphiregulin (Lee et al., 1999) . Similar to Klumpfuss, dEGFR is expressed in lattice cells at the time of PCD . However, levels of dEGFR protein were unchanged in klumpfuss mutant when compared to wild type levels (Fig. 6A) . Microarray data also suggested no change in dEGFR expression levels in response to klumpfuss overexpression (data not shown).
The only known activating dEGFR ligand present in the pupal eye is Spitz; this not a likely target for Klumpfuss as it is not expressed at detectable levels in the interommatidial lattice . Consistent with this view, microarray data failed to detect any difference in Spitz expression in wild-type compared to hs-klumpfuss retina, nor did we detect differences in any other known components of the dEGFR/dRas1 pathway (data not shown). Together our data suggest that klumpfuss regulates PCD in the interommatidial lattice through down-regulation of dEGFR/dRas1 pathway activity. Its direct targets remain to be identified.
Discussion
We isolated klumpfuss as a genetic suppressor of the irreC-rst cell death phenotype, and our data indicates klumpfuss promotes cell death in the developing Drosophila retina. Loss-of-function mutations led to a single phenotype in the retina: a specific block in the cell death required to properly pattern the ommatidia. Conversely, overexpression under the control of a general eye promotor resulted in disruption of retinal development and widespread cell death, while over-expression limited to the stage of normal PCD killed only lattice cells. In addition, loss of just one copy of klumpfuss suppressed the dominant killing of GMR-hid indicating that klumpfuss is normally required for this death. klumpfuss is not absolutely required for all cells to die properly, as some cells are spared in even strong mutations in trans to a deficiency. This suggests that loss of klumpfuss sensitizes cells to other signals, perhaps due to other redundant factors. Alternatively, klumpfuss may be required in only a subset of cells, a possibility that is emphasized by the dynamic expression pattern within the organizing interommatidial lattice.
klumpfuss is expressed in a dynamic pattern in the interommatidial cells during the time period of cell death. This expression makes klumpfuss a unique molecule with respect to interommatidial cells: to date no other molecules are reported to have a dynamic expression pattern in these cells. For example, members of the two major pathways Fig. 6 . Klumpfuss regulates dEGFR/Ras pathway activity. Western blots of 24 h APF pupal retinas. Levels of dEGFR protein are the same in klumpfuss homozygous mutant retinae compared to wild-type retinae at 24 h APF (A), as are levels of MapK, ERK (B). However, dpERK (activated dMapK) levels, a read-out of EGFR/Ras pathway activity, are significantly increased in klumpfuss mutants compared to wild-type (B). Similarly, MapK, ERK, levels are the same in 24.5 h APF wild-type and hs-klumpfuss retinae that were heat shocked at 23.5 h APF (C) while levels of dpERK are nearly eliminated in hs-klumpfuss retina (C). Levels of another read-out of EGFR/Ras pathway activity, Argos, are also increased in klumpfuss homozygous mutant retinae and decreased in retinae when klumpfuss in overexpressed (GMRGal4;UAS-klu) compared to wild-type (D). The lower band is the actin control in (A) -(D) (see Section 4). implicated in PCD regulation in the retina (dEGFR and Notch pathways) have uniform patterns of expression; notably, a readout of Notch activity (E(spl)) is expressed uniformly throughout the lattice. Here, we have shown that klumpfuss is not only dynamically expressed, but is expressed at different levels in cell neighbors, one of which will undergo PCD. Klumpfuss expression has provided one of the first hints about how these cells may be distinguished from one another. Intriguingly, klumpfuss is expressed in more cells than eventually undergo PCD and overexpression of klumpfuss during cell death (hs-klumpfuss) induces PCD in only some of the interommatidial cells. These data emphasize the possibility that klumpfuss is involved in mediating a balance between cells of similar fates through regulation of other signals.
Our evidence indicates that Klumpfuss acts to negatively regulate dEGFR signaling to control cell death in the developing retina. The precise relationship of klumpfuss to the apoptotic machinery is not clear. Reducing dEGFR/ dRas1 activity is sufficient to provoke cell death within the interommatidial lattice . Our data indicates that klumpfuss acts to down-regulate dEGFR/ dRas1 pathway signaling, and this is likely to account for at least some of its pro-apoptotic activity.
Curiously, klumpfuss does not appear to act similarly, through PCD or dEGFR pathway regulation, in other developmental contexts. Previous work has demonstrated a role for klumpfuss in regulating embryonic CNS development: klumpfuss mutations lead to a switch in cell fate, and do not appear to act on programmed cell death (Yang et al., 1997) . Additionally, this function of klumpfuss does not appear to be related to dEGFR/dRas1 pathway signaling, as klumpfuss and the EGFR pathway are acting at different times and are required in different cells during embryonic CNS development (Gabay et al., 1997; Skeath, 1998; Yang et al., 1997) . Finally, our preliminary studies failed to detect gross changes in cell death in klumpfuss mutant embryos (Rusconi and Cagan, data not shown), although a cell-by-cell analysis of specific PCD events-both in the embryo and other adult structures-will be required to confirm this point. This suggests that klumpfuss has multiple roles and multiple targets throughout development.
The klumpfuss locus encodes the closest Drosophila ortholog of the mammalian Wilms' Tumor-1 transcription factor, although most of the similarity is confined to the zinc finger domain. Despite their divergence in sequence outside of this domain, it is worth considering some of the similarities between these two nuclear factors. Similar to klumpfuss mutations, WT1 knockouts lead to major early developmental defects, primarily in genitourinary tract development, due to defects in cell fate specification or differentiation. WT1 is expressed and required in cells of the developing kidney as they mature from undifferentiated epithelia into the different cell types that comprise the kidney. WT1 derives its name from Wilm's tumors, which are thought to arise from undifferentiated epithelial cells that fail to be removed and proliferate during childhood to form renal tumors (Beckwith, 1998; Beckwith et al., 1990; Park et al., 1993) ; during normal development, undifferentiated epithelia is removed by apoptosis (Koseki, 1993) . Also similar to klumpfuss, WT1 has been linked to regulation of EGFR signaling: WT1 has been demonstrated to bind to the EGFR promoter in tissue culture cells and to its ligand amphiregulin in vivo (Englert et al., 1995; Lee et al., 1999) . Our work with klumpfuss highlights the possibility that WT1, in its context as a regulator of the EGFR pathway, may regulate the viability of undifferentiated kidney epithelial cells in a manner that mirrors the requirement of klumpfuss for lattice cell viability in the eye. In any case, a better understanding of the process by which klumpfuss is linked to EGFR signaling should shed light on the processes by which this important pathway is regulated in development and possibly in disease.
Materials and methods
Drosophila lines and genetics
Drosophila lines were raised at 25 8C. Strains used included: klumpfuss 212IR51C and UAS-klumpfuss=CyO (gift of T. Klein); hs-klumpfuss (gift of W. Chia); klumpfuss P10052 , klumpfuss 09036 , Df(3R)vin5, hs-dRas1 val12 , dEGFR Elp /Ellipse and GMR-GAL4 1104 (Bloomington Drosophila Stock Center); GMR-rpr and GMR-hid (gift of H. Steller, K. White); GMR-grim (gift of J. Abrams); irreC-rst 3 , also called Inð1Þrst3 (Umea). irreC-rst 3 is an inversion allele that acts as a weak hypomorph and is described extensively in Tanenbaum et al., 2000 . Interestingly, both loss-and gain-of-function alleles of irreC-rst exhibit a rough eye due to excess interommatidial cells which prevents a accurate analysis of epistasis between klumpfuss and irreC-rst (Reiter et al., 1996) . klumpfuss 212IR51C FRT80B was created by standard recombination and includes a cytoplasmic lacZ marker. Clones of klumpfuss 212IR51C mutant tissue were generated by standard methods using a klumpfuss 212IR51C FRT80B line crossed to hsFLP 22 ; FRT80B and heat shocked at different times to vary clone size.
Cell counts, immunocytochemistry and in situ hybridization
Cells in an 'ommatidial group' were counted as described in Wolff and Ready; 'ommatidial groups' are denoted by black hexagons in Fig. 1E ,F (Wolff and Ready, 1991) . Cell counts were performed on at least 50 'ommatidial groups' for each genotype and results shown are statistically significant. Mouse antibodies to Armadillo and b-galactosidase were obtained from the Developmental Studies Hybridoma Bank, University of Iowa (DSHB), and secondary antibodies were coupled to either Alexa 488 or 568 (Jackson Labs, West Grove, PA). In situ hybridization was performed according to standard lab protocols using digoxigenin-labeled probe made from the full-length klumpfuss cDNA (gift of W. Chia). FITC-antidigoxigenin (Jackson, West Grove, PA) was used to visualize the bound probe in retinas mounted in Vectashield to prevent photobleaching (Vector Labs, Burlingame, CA).
We also analyzed the b-galactosidase expression in the enhancer trap lines (klumpfuss P10052 and klumpfuss 09036 ) and found expression in the eye patchy and therefore unreliable. We did observe expression in the cone cells at all timepoints examined with these lines suggesting that there may be low levels of klumpfuss RNA in cone cells that are undetectable with in situ hybridization. An antibody to Klumpfuss (gift of W. Chia) did not work on imaginal discs in our hands.
Western analysis
Twenty-four hour APF wild-type, klumpfuss mutant, hs-klumpfuss, and GMR-Gal4; UAS-klumpfuss, retinas were dissected and placed in loading buffer with reducing agent (Novagen). For heat shock studies, wild-type and hs-klumpfuss pupae were aged to 23.5 h APF, heat shocked for 1 h at 37 8C. Retinae were then dissected and treated as above. We then used standard lab protocols for SDS-PAGE, Western transfer, and immunodetection. All bands were quantitated using NIHImage and all expression level differences are statistically significant. Antibodies used were rat anti-dEGFR at 1:5000 (gift of N. Baker), rabbit anti-ERK/dMapK at 1:1000 (Sigma, St Louis, MO), rabbit anti-diphosphorylated/activated ERK/dMAPK at 1:1000 (gift of B. Shilo), mouse anti-Argos at 1:1000 (DSHB) and mouse anti-Actin at 1:2500 (DSHB) as a loading control.
